Mesenchymal stem cells are multipotent cells that can differentiate into cardiomyocytes and vascular endothelial cells. Here we show, using cell sheet technology, that monolayered mesenchymal stem cells have multipotent and self-propagating properties after transplantation into infarcted rat hearts. We cultured adipose tissue-derived mesenchymal stem cells characterized by flow cytometry using temperature-responsive culture dishes. Four weeks after coronary ligation, we transplanted the monolayered mesenchymal stem cells onto the scarred myocardium. After transplantation, the engrafted sheet gradually grew to form a thick stratum that included newly formed vessels, undifferentiated cells and few cardiomyocytes. The mesenchymal stem cell sheet also acted through paracrine pathways to trigger angiogenesis. Unlike a fibroblast cell sheet, the monolayered mesenchymal stem cells reversed wall thinning in the scar area and improved cardiac function in rats with myocardial infarction. Thus, transplantation of monolayered mesenchymal stem cells may be a new therapeutic strategy for cardiac tissue regeneration.
Myocardial infarction, a main cause of heart failure, leads to loss of cardiac tissue and impairment of left ventricular function. Therefore, restoring the scarred myocardium is desirable for the treatment of heart failure. Although needle injections of bone marrow cells into the myocardium have been performed for cardiac regeneration [1] [2] [3] [4] [5] , it is difficult to reconstruct sufficient cardiac mass in the thinned scar area after myocardial infarction.
Recently, our colleagues have developed cell sheets using temperature-responsive culture dishes 6 . These cell sheets allow for cell-to-cell connections and maintain the presence of adhesion proteins because enzymatic digestion is not needed [7] [8] [9] [10] . Therefore, cell sheet transplantation may be a promising strategy for partial cardiac tissue reconstruction. Skeletal myoblasts, fetal cardiomyocytes and embryonic stem cells have been considered as candidates for an implantable cell source [11] [12] [13] . It is difficult, however, to produce a multilayered construct requiring a vascular network. Thus, autologous somatic stem cells with self-propagating properties that can induce angiogenesis are a desirable cell source for a transplantable sheet.
Mesenchymal stem cells (MSCs) are multipotent adult stem cells that reside within the bone marrow microenvironment 14, 15 . MSCs can differentiate not only into osteoblasts, chondrocytes, neurons and skeletal muscle cells, but also into vascular endothelial cells 16 and cardiomyocytes [17] [18] [19] [20] . In contrast to their hematopoietic counterparts, MSCs are adherent and can expand in culture. Recently, MSCs have been isolated from adipose tissue [21] [22] [23] [24] , which is typically abundant in individuals with cardiovascular disease. Here, we investigated the therapeutic potency of monolayered MSCs derived from adipose tissue using cell sheet technology.
RESULTS

Characteristics of adipose tissue-derived MSCs
We isolated MSCs from subcutaneous adipose tissue of male SpragueDawley rats on the basis of the adherent properties of these cells. We obtained 1.7 Â 10 5 ± 0.2 Â 10 5 cells from 1 g adipose tissue in a 12-h culture. By day 4 of culture of the minced adipose tissue, spindleshaped adherent cells were apparent and formed symmetric colonies. After approximately three to four passages, most adherent cells expressed CD29 and CD90 ( Supplementary Fig. 1 online) . In contrast, the majority of adherent cells were negative for CD34 and CD45. They were also negative for CD31, a marker for vascular endothelial cells, and negative for a smooth muscle actin (aSMA), a marker for smooth muscle cells. A small fraction of adherent cells expressed CD71, CD106 and CD117. These results were similar to those from bone marrow-derived MSCs 15, 22, 25 ( Supplementary Fig. 1 online). Using previously described methods 16, 22, 26 , we confirmed that these adipose-derived adherent cells, like bone marrow-derived MSCs, were multipotent, as judged by their ability to differentiate into adipocytes, osteoblasts and vascular endothelial cells. Thus, we confirmed that the majority of adherent cells isolated from adipose tissue were MSCs.
Preparation and transplantation of monolayered MSCs
We cultured adipose tissue-derived MSCs (5 Â 10 5 cells) on temperature-responsive dishes for 3 d until confluent. MSCs were attached on the poly-N-isopropylacrylamide (PIPAAm)-grafted area (24 Â 24 mm; Fig. 1a,b) . As the culture temperature was decreased from 37 1C to 20 1C, MSCs detached spontaneously and floated up into the culture medium as a monolayer of MSCs within 40 min (Fig. 1c,d) . As a control, we prepared dermal fibroblasts (DFBs) by the skin explant technique 27 . DFBs (8 Â 10 5 cells) were cultured on the temperature-responsive dishes, and monolayered DFBs were fabricated as described above. The final cell counts for monolayered MSCs and DFBs before transplantation were 9.4 ± 0.6 Â 10 5 and 8.6 ± 0.6 Â 10 5 cells, respectively (n ¼ 6 each). To identify the thickness of monolayered MSCs, we used green fluorescent protein (GFP)-expressing cell grafts derived from the GFP-transgenic Sprague-Dawley rats. Immediately after detachment, cells became compacted, possibly owing to cytoskeletal tensile reorganization, and the thickness of monolayered MSCs and DFBs was approximately 3.5-fold greater than the thickness before detachment (MSCs, 6.2 ± 0.3 to 21.5 ± 0.8 mm; DFBs, 6.5 ± 0.4 to 22.4 ± 1.1 mm; Fig. 1e-h) . MSCs on the temperature-responsive dishes were positive for vimentin and slightly positive for collagen type 1, whereas DFBs were positive for both markers (Fig. 2a) . We transferred detached monolayered MSCs above the myocardial scar (Fig. 2b) and then attached them to the surface of the anterior scar (Fig. 2c) .
Secretion of angiogenic factors from monolayered MSCs
We measured secretion of angiogenic factors from MSCs 24 h after monolayers had formed, equivalent to day 4 after initial cell seeding. The monolayered MSCs secreted significantly larger amounts of angiogenic and antiapoptotic factors such as vascular endothelial growth factor (VEGF) and hepatocyte growth factor (HGF) than did the monolayered DFBs (P o 0.01; Fig. 2d ). The control medium supplemented with 10% fetal calf serum contained less than 5 pg/ml of VEGF or HGF. These results suggest that the paracrine effects of monolayered MSCs on host myocardium are greater than those of monolayered DFBs.
Engraftment and growth of monolayered MSCs
To identify the transplanted cells in myocardial sections, we used GFP-expressing cell grafts derived from the GFP-transgenic Sprague-Dawley rats. We grafted monolayered MSCs or DFBs onto the scar area of the anterior wall (Fig. 3) . Fluorescence microscopy showed that GFP-expressing monolayered MSCs gradually grew in situ and developed into a thick stratum, up to B600 mm thick over the native tissue at 4 weeks (Fig. 3a-f) . The engrafted MSC tissue tapered off toward the healthy myocardium (Fig. 3d,e) , although most of the monolayered MSCs were attached only to the scar area in the anterior wall because of the large infarct. We rarely detected TUNEL-positive MSCs in the sheet (o1%) 48 h after transplantation (Fig. 3g) , implying that cell viability in the sheet was maintained. In contrast, we frequently detected TUNEL-positive cells (15% ± 2%) in the DFB sheet, which was observed as a thin layer above the scar. Subsequently, the DFB sheet was undetectable 1 week later. Masson trichrome staining showed increased thickness of the anterior wall and attenuation of left ventricle enlargement after transplantation of monolayered MSCs (Fig. 3h) , although the infarct size did not differ significantly among the untreated, DFB and MSC groups (Supplementary Table 1 online).
Reconstruction of cardiac mass
After growth in situ, GFP-expressing MSC tissue contained a number of mature vascular structures that had positive staining for von Willebrand factor (vWF) and aSMA (Fig. 4a,b) . A small fraction of the MSC tissue had positive staining for cardiac troponin T and desmin ( Fig. 4c,d ). On the other hand, a large proportion of the MSC tissue was positive for vimentin, a marker for mesenchymal lineage cells (Fig. 4e) . The percentages of graft-derived cells that expressed endothelial (vWF), smooth muscle (aSMA), cardiac (troponin T) and mesenchymal (vimentin) markers were 12.2% ± 0.6%, 5.0% ± 0.3%, 5.3% ± 0.3% and 57.8% ± 2.2%, respectively. Notably, based on expression of these markers, two-thirds of vascular endothelial cells, four-fifths of smooth muscle cells and one-twentieth of cardiomyocytes within the MSC tissue were GFP -and hence were derived from the host. The MSC tissue stained modestly for collagen type 1 (Fig. 4f) . Picrosirius red staining showed that collagen deposition was found mainly in the extracellular matrix and the epicardial margin of the MSC tissue (Fig. 4g) . Excluding staining in blood vessels, the MSC tissue was also negative for aSMA, a marker for myofibroblasts (Fig. 4b) . This phenotype was consistent with properties of MSCs (e-h) Cross-sectional analysis of GFP-expressing monolayered MSCs and DFBs before detachment (e and g, confocal images) and after detachment (f and h, left and center, confocal images; right, Masson trichrome). The thickness of both monolayers was 3.5-fold greater than the thickness before detachment, and constituent cells were compacted. Scale bars in a-c, 100 mm; in d, 5 mm; in e-h, 20 mm.
before transplantation ( Fig. 2a and Supplementary Fig. 1 online) , suggesting that the MSC tissue includes a number of undifferentiated MSCs. Taken together, the grown MSC tissue was composed of newly formed blood vessels, undifferentiated MSCs and few cardiomyocytes.
Fluorescence in situ hybridization analysis We performed fluorescence in situ hybridization (FISH) to detect X and Y chromosomes after sex-mismatched transplantation of monolayered MSCs. We transplanted GFP-expressing monolayered MSCs derived from male rats to female Sprague-Dawley rats that had suffered an infarct. Four weeks later, newly formed cardiomyocytes that were positive for GFP had only one set of X and Y chromosomes, whereas we detected two X chromosomes exclusively in GFP -hostderived cells (Fig. 4h) . We counted the X and Y chromosomes in male and female control rats and in the MSC sheet-transplanted rats (Supplementary Table 2 online), and we did not detect extra copies of the X or Y chromosome in graft-derived GFP + cardiomyocytes. When we compared the frequencies of the occurrence of zero, one, two and more than two X chromosomes in the GFP + cardiomyocytes with the frequencies in male control cardiomyocytes, the GFP + cardiomyocytes did not show an increased proportion of X chromosomes (0.25 4 P 4 0.10, w 2 test).
Effects of monolayered MSCs on cardiac function
Heart failure developed 8 weeks after coronary ligation, as indicated by an increase in left ventricle end-diastolic pressure (LVEDP) and attenuation of maximum and minimum rate of change in left ventricular pressure (dP/dt). Autologous transplantation of monolayered MSCs, however, resulted in decreased LVEDP (Fig. 5a ). Left ventricle maximum and minimum dP/dt were significantly improved in the MSC group (Fig. 5b,c) . We did not observe these hemodynamic improvements in the DFB group. The MSC group also had significantly lower right ventricular weight and lung weight than the DFB and untreated groups 4 weeks after transplantation (Supplementary Table 1 online). These results suggest that transplantation of monolayered MSCs has beneficial hemodynamic effects in rats with chronic heart failure.
Echocardiographic analysis showed that transplantation of monolayered MSCs significantly increased diastolic thickness of the infarcted anterior wall (Fig. 5d) . Left ventricle end-diastolic dimension at 8 weeks was significantly smaller in the MSC group than in the DFB and untreated groups (Fig. 5e) . Transplantation of the monolayered MSCs significantly increased left ventricle fractional shortening (Fig. 5f) . Left ventricle wall stress in diastole was markedly lower in the MSC group than in the DFB and untreated groups (Supplementary Table 3 online). Plasma atrial natriuretic peptide (ANP) in the DFB and untreated groups was markedly elevated 8 weeks after myocardial infarction (Fig. 5g) . Transplantation of the monolayered MSCs inhibited the increase in plasma ANP.
Survival analysis
The Kaplan-Meier survival curve showed that 4-week survival after coronary ligation did not differ significantly between the untreated and MSC groups before transplantation (Fig. 5h) . Notably, however, no rats died after transplantation of monolayered MSCs. Therefore, the survival rate after transplantation was markedly higher in the MSC group than in the untreated group (4-week survival after transplantation was 100% for the MSC group versus 71% for the untreated group, log-rank test, P o 0.05).
DISCUSSION
There are several advantages to monolayered MSC transplantation. First, the self-propagating property of MSCs in situ leads to the formation of a thick stratum on the surface of the scarred myocardium. Second, the multipotency of MSCs and their ability to supply angiogenic cytokines allows neovascularization in the MSC tissue. Third, the reconstruction of thick myocardial tissue reduces left ventricle wall stress and results in improvement of cardiac function after myocardial infarction. Finally, a substantial part of the transplanted tissue is composed of undifferentiated MSCs, and it is tempting to speculate that such cells may act against future progressive left ventricle remodeling.
Cellular cardiomyoplasty using needle injections is emerging as a treatment option for individuals with chronic heart failure, but it may be limited by failure to regenerate cardiac mass. The cell sheet allows for cell-to-cell connections owing to the lack a need for enzymatic digestion [6] [7] [8] [9] [10] . Thus, the cell sheet has attracted considerable interest as a tool for tissue engineering 28 . Here, we used adipose tissue-derived MSCs as a cellular source for the cell sheet, which resulted in successful autologous transplantation in heterogenic rats without immunological rejection. Using flow cytometry, we did not find any substantial differences between adipose tissue-derived MSCs and bone marrow-derived MSCs, consistent with results from previous studies 22, 25 . Adipose-derived MSCs readily attached to and propagated on the temperature-responsive dish. Abdominal subcutaneous adipose tissue is clinically redundant and easily accessible by rapid and minimally invasive surgery such as liposuction. Thus, adipose tissue may serve as a source of stem cells for therapeutic cell sheets. Here, monolayered MSCs could readily be transferred and grafted to the scarred myocardium without additives or suturing. This may be attributable to cell-to-cell connections as well as extracellular matrix deposits on the basal surface of the monolayered MSCs. Regeneration of myocardial mass is thought to require multilayered constructs of the cell sheet. Unfortunately, however, the lack of a vascular network has limited the formation of a thick construct 10, 29 . The transplanted monolayered MSCs thickened gradually, developing into a stratum of up to 600 mm in thickness over the native tissue 4 weeks after transplantation, suggesting that monolayered MSCs have an ability to grow in situ. As a result, the transplanted MSC tissue reversed wall thinning of the infarcted myocardium. On the other hand, the fibroblast sheet did not grow in situ. It should be noted that the MSC tissue included a large number of newly formed blood vessels. These vessels were composed of graft-derived cells, host-derived cells or both. The MSC sheet secreted a large amount of angiogenic and antiapoptotic cytokines, including VEGF and HGF, as compared with the fibroblast sheet. These results suggest that MSCs induce neovascularization within the sheet not only through their ability to differentiate into vascular cells but also through growth factor-mediated paracrine regulation. Thus, we believe that the angiogenic action of MSCs is important for reconstruction of cardiac mass by the MSC tissue.
Four weeks after transplantation, a small fraction of the engrafted MSCs were positive for cardiac proteins such as cardiac troponin T and desmin, suggesting the presence of cardiomyocytes within the MSC tissue. FISH analysis suggested that the most cardiomyocytes within the MSC tissue were not derived from cell fusion, but we are unable to exclude the possibility that some were. Further studies are necessary to investigate the mechanisms by which MSCs within the MSC tissue regenerate cardiomyocytes. The majority of the MSC tissue was positive for vimentin, a marker for undifferentiated MSCs and fibroblasts. In addition, the majority of MSCs within the graft were negative for collagen type 1 and aSMA, a marker for myofibroblasts. These results suggest that the grown-up MSC tissue is composed of newly formed blood vessels, undifferentiated MSCs and few cardiomyocytes.
We have also shown that transplantation of the monolayered MSCs significantly increased left ventricle maximum dP/dt, decreased LVEDP and inhibited the development of left ventricle enlargement in rats with chronic heart failure secondary to myocardial infarction. These results suggest that transplantation of monolayered MSCs improves cardiac function. But the presence of cardiomyocytes within the MSC tissue seemed to be rare. Thus, this improvement may be explained mainly by growth factor-mediated paracrine effects of the MSC sheet and a decrease in left ventricle wall stress resulting from the thick MSC tissue. Furthermore, no rats treated with the monolayered MSCs died during the study period, although untreated rats died frequently. These results indicate that fatal arrythmogenic problems were not caused by integration of the MSC tissue. In summary, adipose tissue-derived monolayered MSCs can be readily engrafted to the scarred myocardium, grow gradually in situ and become a thick stratum that includes newly formed vessels, cardiomyocytes and undifferentiated MSCs. The engrafted MSCs reversed wall thinning in the scar area and improved cardiac function and survival in rats with myocardial infarction. Thus, transplantation of monolayered MSCs may be a new therapeutic strategy for cardiac tissue regeneration.
METHODS
Model of heart failure. All protocols were performed in accordance with the guidelines of the Animal Care Ethics Committee of the Japanese National Cardiovascular Center Research Institute. We used male Sprague-Dawley rats (Japan SLC) weighing 187-215 g. A myocardial infarction model was produced by ligation of the left coronary artery, as described previously 30 . Briefly, we anesthetized rats with sodium pentobarbital (30 mg/kg) and ventilated them with a volume-regulated respirator. We exposed hearts by left thoracotomy, and ligated the left coronary artery 2-3 mm from its origin between the pulmonary artery conus and the left atrium with a 6-0 Prolene suture. The sham group underwent thoracotomy and cardiac exposure without coronary ligation. The surviving rats were maintained on standard rat chow.
Study protocol. We randomly placed rats into four groups: rats with chronic heart failure that underwent transplantation of monolayered MSCs (MSC group; n ¼ 12), rats with chronic heart failure given monolayered DFBs (DFB group; n ¼ 12), rats with chronic heart failure without transplantation (untreated group; n ¼ 12) and sham-operated rats without transplantation (sham group; n ¼ 10). Four weeks after coronary ligation, the MSC and DFB groups underwent autologous transplantation of each monolayered cell graft onto the anterior wall, including the scar area (Supplementary Methods  online) . The other two groups underwent the same operative procedures without transplantation. We performed hemodynamic studies, echocardiography and histological assessments 4 and 8 weeks after coronary ligation (Supplementary Methods). Upon killing at 8 weeks after coronary ligation, only those rats with infarct size 425% of the left ventricle area were included in this study. Therefore, the variation in infarct size between the experimental rats was relatively low (28-41%, average 33.9% ± 1.9%).
Isolation and culture of MSCs from adipose tissue. Immediately after coronary ligation, we acquired subcutaneous adipose tissue (1.1 ± 0.1 g) from the right inguinal region of each rat. We minced adipose tissue with scissors and digested it with 10 ml of type 1 collagenase solution (0.1 mg/ml, Worthington Biochemical) for 1 h in a 37 1C water bath shaker. After filtration with mesh filter (Costar 3480, Corning) and centrifugation at 780g for 8 min, we suspended isolated cells in a-MEM supplemented with 10% FCS and antibiotics, plated them onto a 100-mm dish and incubated them at 37 1C with 5% CO 2 . A small number of spindle-shaped cells were apparent in visible symmetric colonies by days 5-7.
Preparation of temperature-responsive dishes. Specific procedures for preparation of square-designed PIPAAm-grafted dishes have been previously described 9 . Briefly, we spread IPAAm monomer (Kohjin) in 2-propanol solution onto 60-mm polystyrene culture dishes (Corning). We then subjected the dishes to irradiation (0.25-MGy electron beam dose) using an Area Beam Electron Processing system (Nisshin High-Voltage) to immobilize IPAAm on the dish surface; we then rinsed dishes with cold distilled water and dried them in nitrogen gas. In the second step, we masked the PIPAAm-grafted surface with a square glass coverslip (24 Â 24 mm, Matsunami Glass). We spread acrylamide (AAm) monomer solution in 2-propanol onto the masked dish surface. We then irradiated the dish surface with an electron beam and washed it. As a result, the central square area of each dish was PIPAAm grafted (temperature responsive), and the surrounding border was poly-AAm grafted (non-cell adhesive). This PIPAAm-grafted surface is hydrophobic under culture conditions at 37 1C and becomes reversibly hydrophilic below 32 1C. Therefore, cultured cells that adhere to the dish surface spontaneously detach from the grafted surface without enzymatic digestion.
Preparation of monolayered cell grafts. We suspended MSCs at the third or fourth passage from adipose tissue or DFBs at the second passage by trypsinization, and plated the cell suspension containing 3 ml of complete medium onto a 60-mm temperature-responsive dish at 5 Â 10 5 cells per dish (MSCs) or 8 Â 10 5 cells per dish (DFBs) and cultured cells at 37 1C. After 3 d of culture, confluently cultured MSCs or DFBs on the temperature-responsive dishes were incubated at 20 1C. By 40 min, both MSCs and DFBs detached spontaneously and floated up into the medium as monolayered cell grafts. Immediately after detachment, we gently aspirated the monolayered cell grafts using a 1,000 ml pipette tip and transferred them onto an elastic plastic sheet.
Statistical analysis. Numerical values are expressed as mean ± s.e.m. There are four groups of continuous variables in this study. Therefore, for multiple comparisons of more than two groups, we performed one-way analysis of variance (ANOVA). If the ANOVA was significant, we used the Newman-Keul procedure as a post hoc test. For repeated measurement such as echocardiographic parameters, we performed two-way repeated ANOVA with the Newman-Keul test. Comparisons of parameters between two groups were made by unpaired Student t-test. A value of P o 0.05 was considered significant. (h) Survival of rats with chronic heart failure with or without monolayered MSC transplantation. The Kaplan-Meier survival curve demonstrates an 8-week survival rate of 65% for the MSC group versus 45% for the untreated group. Survival rate after transplantation was significantly higher in the MSC group than in the untreated group (100% versus 71% 4-week survival rate after transplantation, log-rank test, P o 0.05).
